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ABSTRACT

In the laboratory we used an idealized rotorwash
flow—an axisymmetric jet impinges normally on a
packed bed of cohesionless particles—and measured the
spatially varying flow field and entrainment flux under
an axisymmetric jet over a range of jet exit velocities and
bed materials. We found that the erosion of the bed is
driven by turbulent surface shear stress, quantified by the
turbulent kinetic energy of the flow. This observation
differs from uniform flow parallel to the bed wherein the
flux of particles being removed from the bed depends
linearly on the average surface shear stress of the fluid
imposed on the bed. We discuss the implications of these
findings for applying a general model for capturing
particle entrainment under impinging flows.

1. INTRODUCTION

Brownout occurs during rotorcraft operations (e.g.
landing, takeoff, sling load operations) over dry loose
soils. This may eliminate all visual cues for the pilot
leading to loss of situational awareness, collisions with
other aircraft or ground based objects, damage to
equipment and loss of life. A virtual simulation
capability of the brownout environment would allow
simulation of dust cloud evolution in complicated flow
conditions such as a helicopter rotorwash impinging on
sand or dust covered ground. Algorithms exist to model
all of the processes governing brownout cloud evolution
except for the appropriate entrainment (particle pick-up)
boundary condition for the particle transport equation.

Physics of particle entrainment from a packed bed
due to an impinging turbulent jet (e.g. Fig. 1) has
received limited attention; yet, particle exchange at the
bed is the boundary condition for the governing particle
transport equation
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where u, v, w are the velocity components in the x, y and
z directions, c is the particulate concentration, and D is
the diffusion coefficient. Gravitational effects are taken
into account using wy the particle fall velocity. The
primed terms are fluctuating components of velocity and
concentration, and the overbar indicates an average
value. Equation (1) is often referred to as the scalar
transport equation written in Reynolds Average form.

The termsc'u', ¢'v' and ¢'w' are called the Reynolds
sediment fluxes. The entrainment from the bed into the

flow is governed by O;=c'w' . which is provided as a

boundary condition via a suitable “entrainment

function.” For the present we consider ¢'u'=c'v' =0 at
the bed surface. Once an appropriate entrainment
function is identified for a flow of interest (1) can be
readily solved numerically in standard computational
fluid dynamics (CFD) codes, when coupled with
continuity, momentum and energy equations. The
challenge arises in choosing the correct entrainment
function for the flow of interest. For the non-uniform
flow of an impinging jet an appropriate entrainment
function has not yet been developed; without this
boundary condition accurate numerical simulation of
dust and snow cloud formation due to helicopter
downwash is not possible.

A reasonable starting point in developing a
predictive model of an impinging jet would be to use
existing entrainment functions and apply them to the
impinging jet problem using (1). Two flows for which
entrainment functions have been developed are fluidized
bed flow and uniform steady parallel flow (USPF).

Aspects of both of these flows are present in an
impinging jet. Though concepts can be borrowed from
the body of knowledge available for both fluidized beds
and parallel flows it cannot be assumed that the
entrainment functions developed for these flow regimes
can be wused in non-uniform flows and further
understanding of the flow characteristics and entrainment
processes under the influence of an impinging turbulent
jet is required.
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Figure 1. Geometry of the flow from a jet impinging
normal to a flat particle bed. Region I is the free jet
region where the flow is not influenced by the presence
of the wall. Region Il is the impingement zone where the
flow stagnates and turns to the follow the bed. In Region
11 the flow can be characterized as a radially expanding
wall jet and the flow is predominately parallel to the bed
(Beltaos and Rajaratnam 1974).

A related area of research is scour hole or crater
formation caused by an axisymmetric jet impinging on a
packed bed. However, in this area of research emphasis
has been on the geometry of the scour hole or crater (e.g.
Rajaratnam & Beltaos 1977, Kobus et al. 1979,
Rajaratnam 1982, Aderibighe & Rajaratnam 1996,
Gioia & Bombardelli 2005, Bombardelli & Gioia 2006,
Haehnel et al. 2006, 2008) or the average shear stress
acting on the bed surface (Poreh et al. 1967, Beltaos &
Rajaratnam 1974, 1977, Phares et al. 2000, Rajaratnam
& Mazurek 2005) rather than the entrainment physics.

The objective of this work is to study in the
laboratory particle entrainment physics under an
impinging flow striking a particle bed, and the associated
turbulent flow field. From these efforts we develop an
entrainment boundary condition appropriate for use in
modeling unsteady impinging flows such as rotorcraft-
induced brownout. In the laboratory we measured the
erosion rate of the packed bed and relate this to the
turbulent shear stress acting on the bed and found that
the Reynolds stress acting on the bed is the driving force
for entraining the particles from the bed into the flow.
This allows us to pose a generalized entrainment
function (or boundary condition) applicable for uniform
and non-uniform flows. This has potential application to
describing sedimentation processes in expanding
channels as well as impinging jets.

2. EXPERIMENTAL APPROACH
The experiments were conducted in two parts, (1)

document the erosion rate for particles being removed
from the packed bed due to an impinging jet and (2)

measure the turbulent flow field over the packed bed.
These two sets of experiments are described in turn.

Figure 2a shows the experimental set up for the
erosion experiments. A particle bed is place on the floor
of the test chamber. The bed is 2.44m X 2.44m X 3.81cm
deep; two particle types were used, spherical glass beads
and Ottawa sand. The properties of these particles are
given in Table 1. At the top of the chamber a 0.77 cm
diameter nozzle was mounted 118.7 cm above the bed.
This nozzle height was chosen to create an erosion
pattern in the bed that was on the order of 1 m in
diameter, making it easy to measure the spatial variation
in erosion flux using a surface profilometer. The exit
velocity of the nozzle was varied from approximately
140 to 250 m/s. A compressor delivering 100 — 120 psi
pressure supplied the air. The velocity exiting the nozzle
was controlled using a feedback loop between an EPI
Mastertouch™ flow meter mounted in the airline and a
Mesto Automation™ pneumatic control valve. The exit
velocity was maintained to within 1.5 % over the
duration of each experiment.

The radially varying volumetric erosion rate of the
bed was measured by using an Omron™ ZS-LD350S
laser range finder mounted on a three-axis traversing
system suspended from the top of the test chamber (the
measurement accuracy of the laser range finder was
typically better then + 0.5 mm). The initial surface
profile of the flat bed surface was measured with this
laser profiler. The jet was then run for a short period of
time, Az (e.g. 15 — 30 seconds, depending on the jet exit
velocity) and the erosion pattern was then measured with
the laser profiler. A typical scour pattern is shown in
Figure 2b and a measured surface profile is shown in
Figure 2c. The erosion rate, £, was then computed by
taking the difference in the two profiles, A4, and for each
grid point, 7, in the profile: E; = Ah/At. This gives the net
average erosion rate for each grid point. This was done
for four jet exit velocities: 140, 165, 190, 250 m/s
nominally. For the erosion rate experiments two
repetitions were obtained at each of the target velocities.
For the sand, only the three highest jet exit velocities
were used because there was no material removed during
the test with the lowest velocity: 140m/s.

The second set of tests document the shear stress on
the bed surface. Fundamentally, the bed (or wall) shear
stress, 7,, is proportional to the velocity gradient at the
wall (Newton’s law of viscosity applied at the wall)

T, =pv— )
P dz

w
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Table 1. Properties of the particles used in this study.

Mean diameter, Particle density, p, Effective Roughness*, Angle of Shape

d, (um) (kg/m) ks (mm) repose (deg)
Glass beads 134 2440 1.1 21.3 Spherical
Ottawa Sand 560 2600 3.0 33 Angular

* The values of &, reported are for R, > 100 (fully rough flow).

Figure 2. Test set up for erosion experiments. (a) A
particle bed is placed on the floor of the chamber and a
nozzle is on the ceiling of the chamber. (b) Shows the
scour pattern that results in the particle bed after the jet
has been run for a short time; (c) is a typical surface
profile measured for the scour pattern.

where p and v is the fluid density and kinematic
viscosity. Ideally, we want to measure the shear stress
over the actual erodible bed as the material is being
removed from the bed. In principle this can be done
using a velocity probe and measure the velocity gradient
over the surface. The problem with this approach is that
the bed is continuously receding under the probe as the
measurement is being taken; therefore the elevation is
continuously changing as we are trying to measure the
velocity at a fixed elevation above the bed. A different
approach was needed.

Nikuradse (1933) found the velocity profile u(z)
over a rough bed can be expressed as

3)

u, z
u(z)=—In—+ B(R)
Kk,

where ux is the friction velocity (us=+/T/ p ), k= 0.41,

von Karman’s constant, k; is the effective bed roughness
(ks o< dj, particle diameter, but in general ks # d;), and B
is a function of R; = u+k,/v. Thus, the velocity profile is a
function of the bed shear stress (via u«) and the effective
bed roughness, k;. Suspended sediment modifies the
velocity profile over the bed due to the mobile particles
removing energy from the fluid flow. Therefore the
effective roughness for a mobile bed, k;’, is larger than

that measured over a static bed, k; containing the same
sized particles. This results in a modified shear stress in
comparison to that over a static bed. Therefore, by
analogy we can determine k;’ for the mobile bed and then
create a static bed that has &, = k,” and measure the shear
stress over the static bed to get an estimate of the shear
stress associated with erosion over a bed with particles in
motion.

We followed this later approach to determine the
shear stress over an erodible bed. To do this we had to
measure of k,” for the mobile bed. This was determined
by putting the bed material on the floor of the CRREL
Snow Drift Wind Tunnel (4dnno 1987, Haehnel et al.
1993), measuring the velocity profile over the bed while
the particles were in motion an then using eq. (3) to
determine k;’. Table 1 provides the values of &’
determined for the particles used in this study. Once k;’
was determined for the glass beads and sand, surfaces
were prepared that had a k&, = k;’ so that the velocity
profile near the surface for these static beds matched
very closely that over the erodible beds used to measure
the erosion rate in the first set of experiments.

The shear stress over these static beds was
determined using two instruments, a hot film
anemometer (HFA) and pitot-static tube (pitot), and four
methods as follows:

1. Log profile: We measured the time averaged
vertical velocity profile over the bed, and fit a
log-law to the data in the boundary layer portion
of the radially expanding wall jet. Then the
shear stress is determined from 7,=pu+” and eq.
3).

2. Preston method (or Preston): We measured the
time averaged velocity very close to the surface
and assume a log-law profile, of the form
proposed by Nikuradse (1933) (eq. 3), between
that height and the effective roughness height,
k;. This method was first proposed by Preston
(1954) for measuring the shear stress on a
smooth surface. It was adapted for measuring
the shear stress on a rough surface by
Hollingshead & Rajaratnam (1980).

3. Turbulent shear (v'w'): We extrapolate the

measured Reynolds shear stress, v'w', to the
ground plane (Pope 2000). This extrapolated
value is equal to the wall shear stress:

T =1, /p=v'w

—w
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4. Turbulent Kinetic Energy (TKE): Use the

relationship v'w' = 0.2TKE where TKE = %
(u?+v?+w™?). Like method 3 we extrapolate
TKE to the ground plane as well. This method
is used to estimate the Reynolds stress based on
the turbulent fluctuations of each component,
rather than the average of the product of the
turbulent components. Though it is desirable to
obtain the Reynolds stress directly (method 3),
this is difficult to do in practice. If the
anemometer probe used to measure the velocity
field is not precisely aligned with the flow, v’
can be contaminated by w’ and vice versa
leading to poor resolution of the Reynolds stress
field. TKE correlations to the Reynolds stress
are not prone to the problems of probe
misalignment and therefore it is easier to
accurately measure the Reynolds stress by this
technique.
For all of these methods data was taken for 64s. The
sample rate for the HFA data was 2kHz, while for the
pitot tube the sample rate was 200 Hz. Methods 1 & 2
used temporal averages (first moments u, v & w) of both
the HFA and pitot tube data. Methods 3 and 4 used the
second moments of the velocity data, u’, v & w’
computed from the HFA data only. Two velocity profiles
were taken at each of the target jet velocities in this set of
experiments, one with each instrument type.

3. RESULTS AND DISCUSSION

Figure 3 shows sample erosion rate measurements.
Figure 3a gives the erosion rate based on the first surface
profile measured for that experiment. The solid line is an
average of the data along four sections taken starting at
the jet centerline and extending out in the positive and
negative directions along the x and y-axes. The dashed
lines indicate the range in the measured erosion rate.
Figure 3b shows the erosion rate for each of the four
successive profiles taken during this test. It is noted that
only the first profile started with a flat surface. The
successive profiles were a continuation of the test and
started with the surface relief obtained at the end of the
previous time step. The erosion rate was determined for
each of these following measurements by using the
change in height between successive profiles.
Regardless, even though the initial conditions for profiles
2 and beyond was not a flat surface Figure 3b shows that
there was very little difference in the average erosion rate
measured. Thus, for the minimal surface relief observed
in these experiments (< 3.81cm) there was no profound
difference in the erosion rate. Similar results were
observed for all of the other tests using both sand and
glass beads.

Figure 4 shows comparisons of all of the stress
measurements for the &;” = 1.1 mm (associated with glass
beads). Similar results were obtained for &’ = 3 mm

(sand). In this and flowing figures we use a reduced
shear stress, 7,,’ = T,/p = u+*. We will use reduced shear
stress and shear stress interchangeably throughout the
remainder of this work.

The four plots in Figure 4 show several things. First,
all four methods give a shear stress that is generally
within the same order of magnitude for methods 2-4. The
shear stress measured with method 1 is much lower.
Second, there is good agreement between the data taken
using the HFA and pitot tube showing consistent results
for both methods.

Now we will consider each stress measure in turn.
Though we have obtained very good results estimating
the shear stress from the log profile with uniform parallel
flow in the wind tunnel, where the thickness of the
boundary layer is 10 - 20 cm, this method does not seem
to work well for the thin boundary layer under an
impinging jet. The velocity profile of the radially
expanding flow is essentially a wall jet, which has a
velocity profile that increases in the vertical, reaches a
peak and then declines as height continues to increase. In
these experiments we measured the velocity every 0.5
mm between 2 mm and 12 mm above the bed with the
HFA and 1.5 to 11.5 mm for the pitot tube (because the
pitot tube was thinner in diameter we could measure the
velocity closer to the surface with that instrument). The
height at which the peak velocity in the wall jet occurred
was generally less than 12 mm, except at large radial
distances from the jet centerline (radius, » > about 35cm,
r/H > about 0.3). The thickness of the log-law boundary
layer (BL) was even thinner than that. We digitized the
height of the top of the log-law region for each of the
velocity profiles and found that near the jet centerline the
BL was on the order of 2 mm or less. Thus, for small »/H
there were not sufficient points to resolve the log profile
for #/H less than about 0.05. So we cannot use this
method in this region. Above r/H = 0.1 there are enough
points to get a fit to the data and get an estimate for the
shear stress using this method, though the predicted shear
stress is very noisy and is much smaller than the shear
stress determined by the other methods.

Rajaratnam & Mazurek (2005) had similar problems
trying to determine the wall shear stress from the log
profile under an impinging jet, and disbanded using that
method because the results were too noisy. Thus, they
adopted a different method to measure the friction
velocity; they used a Preston tube as described above.
This method was originally developed by Preston (1933)
to measure the shear stress over an airfoil where the BL
is very thin. We used the data we obtained from both
instruments to calculate the shear stress by this method
using the procedures outlined by Hollingshead &
Rajaratnam (1980) and Wu & Rajaratnam (2000).
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Figure 3. Representative erosion rate measurements for
glass bead experiments (jet exit velocity is 247 m/s). The
erosion rate for the first profile is shown in (a). The
average flux is indicated by the solid line, the range in
data is indicated by the dashed line. All four profiles for

that experiment are shown in (b). At = 19 s for this test.

The shear stress computed this way gives a very
noise free result that agrees well in magnitude with
methods 3 and 4. The general trend shown for this
measure of the shear stress is the average 7, is zero at
the jet centerline and then peaks at about »/H = 0.13 —
0.16 and then declines in the radial direction. The shear
stress determined by methods 3 and 4 shows a similar
overall trend to that of method 2, but there are noticeable
differences. First, the shear stress does not go to zero at
the jet centerline. Second, the location of the peak shear
stress for these two methods occurs closer to the jet
centerline (r/H < 0.1), approximately the same location
where the peak erosion rate is observed (see Fig. 3).

The shear stress determined using method 2 (Preston
tube) is based on the long term temporal average of the
velocity, which does on average go to zero at the jet
center line (i.e. the jet stagnation point). Though the
temporal average of the velocity may go to zero, due to
turbulent fluctuations in the flow the instantaneous
velocity may not be zero at any given time. This is borne
out by the measures of shear stress using methods 3 and

4 that are based on the fluctuating components of the
velocity field (Reynolds stress or turbulent shear stress).
Though at the stagnation point the average shear stress
(based on the average velocity: method 2) goes to zero,
the shear stress based on the fluctuating components of
the flow, v and w, does not go to zero.

It is generally accepted that methods 3 and 4 are
alternate ways to determine the wall shear stress obtained
in methods 1 and 2. For reasons previously mentioned,
we discard the results obtained from method 1 in this
study. Comparisons of the remaining methods show that
near the jet centerline there is gross disagreement
between method 2 (Preston tube) and methods 3 and 4
(Reynolds stress measures). Yet, at large radial distances
(r/H > 0.25 — 0.3) there is good agreement between
methods 2, 3 & 4. This suggests that for complicated
flows, such as an impinging jet, this shear stress
correlation breaks down. Yet, for large »/H the flow is
more like USPF where the correlation is valid.

Conventional entrainment functions that apply to
USPF (e.g. Meyer-Peter & Muller 1948, Akiyama &
Fukushima 1986, Garcia 1989, Pomeroy & Gray 1990,
Cao 1997, Maticorena & Bergametti 1995, Maticorena
et al. 1997, Liston & Sturm 1998, Draxler et al. 2001,
Etoh & Fukushima 2001, Fukushima et al. 2001,
Doorschot & Lehning 2001, Beyers et al. 2004)
characterize the entrainment flux, ¢, as a function of the
mean shear stress (or friction velocity) acting on the
particle bed: g = f(7,); we assume that ¢ ~ E also. If this
holds true for an impinging jet, then the data should
collapse on a single line if we plot £ vs. 7, as we have
done in Figure 5. Yet, we find this is not the case. In
Figure 5a we see that where the average shear stress is
zero (i.e. the centerline of the jet) there is significant
entrainment occurring. If the average shear stress drives
entrainment then where the shear stress is zero the
erosion rate should be zero also. This is clearly not the
case for Figure 5a. Figure 5b shows a similar trend for
the sand particles, though the trend is not as clear as for
the glass beads.

The results shown in Figure 5 can be explained by
considering the data plotted in Figure 4. Though the
average shear stress is zero at the jet centerline, the shear
stress based on the turbulent fluctuations of the flow
(Reynolds stress) does not go to zero at the jet centerline.
Generally the trend for both Reynolds stress measures

(v'w' or 0.2TKE) is the same though the measure based
on the TKE is less noisy. Therefore, we have chosen to
use the measured Reynolds stress based on the TKE to
characterize the spatially varying turbulent shear stress.
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Figure 5. Erosion rate as a function of average surface
shear stress for (a) glass beads and (b) Ottawa sand. The
legend indicates the jet exit velocity associate with each
data set. The shear stress plotted is a reduced shear

stress T,’= T,/p = us,

In Figure 6 we plot the erosion rate vs. Reynolds
stress based on TKE. The results appear to indicate a
threshold or critical shear stress, 7.’, of about 0.075 m?/s’
for the glass beads and 0.13 m?/s” for the sand indicated
by the rapid drop off in the entrainment rate at the left
side of he curve. Above the threshold there is a nearly
linear response in the data. This suggests that the
Reynolds stress provides a more general collapse of the
data than the average shear stress, though clearly the
collapse is better for the glass beads than for the sand
data.

The presence of this sharp critical entrainment
condition in the data suggests the functional form for the
entrainment flux proposed by Pomeroy & Gray 1990,
Maticorena & Bergametti 1995, Cao 1997 and others

q=K/g(t, ~1) (4)
where g is the gravitational constant and K is a constant

with units of m™. The solid line in Figure 6 is a plot of
eq. (4) with K=17.7 m’.
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Figure 6. Erosion rate for (a) Glass beads and (b)
Ottawa sand as a function of the Reynolds stress
computed from 0.2TKE. The solid line is a plot of eq. (4)
with T, = 0.075 and 0.13 for the glass beads and sand,
respectively. The shear stress plotted is a reduced shear
stress T,” = T,/p = us,
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The data we obtained for a jet impinging on a bed of
particles suggests that the driving force for particle
entrainment is a result of the Reynolds stress—which is
associated with the turbulent fluctuations in the flow—
acting on the bed. This of course is the same as the
average shear stress in the case of USPF. However, we
clearly show that for complicated flows such as an
impinging jet there is little correlation between the shear
stress based on the average flow (the first moment of the
velocity field) and the Reynolds stress (based on the
second moment of the velocity field). This suggests that
eq. (4) has general applicability provided the shear stress
is computed in general from the Reynolds stress
extrapolated to the surface:

T, =pv'w' (5)

Because of the interchangeability of the shear stress
based on the average flow field and that computed from
the Reynolds stress (eq. 5) in uniform parallel flow the
critical shear stress required for eq. (4) can be
determined based on the empirical data and relationships
put forward by Shields (1936) and Yalin & Karahan
(1979), Bagnold (1941), Iversen & White (1982) and
Shao & Lu (2000) and others. For example the
expression put forward by Shao & Lu (2000)

T = A’ (Apng + dﬁj (6)

is simple and applicable to both aqueous and eolian
flows. For aqueous flows 4 = 0.2236 and 8= 7.6x10" N
m’', while for eolian flows 4 = 0.1109 and B = 3x10™
N/m. In eq. (6) A4p = p;, — p. Based on eq. (6) the
estimated critical shear stress for the glass beads and
sand are 0.059 and 0.15 m?/s’, respectively. This agrees
well with the observed values obtained from Figure 6:
0.075 and 0.013 m?/s” for glass and sand, respectively.

The forgoing suggests a conceptually simple
methodology for applying an entrainment function to
model the entrainment flux boundary condition under
complex flow conditions such as an impinging jet.
Conventional entrainment functions such as eq. (4) can
be applied to a general flow condition provided the wall
shear stress is determined using a turbulent stress
measure obtained from the flow (e.g. methods 3, 4 or
some other appropriate method). This requires the flow
solver to accurately resolve the turbulent fluctuations of
the flow. Particle cloud evolution can then be readily
simulated using the scalar transport equation and
conventional CFD techniques.

CONCLUSIONS

We measured the rate of entrainment of particles
being removed from a particle bed under the influence of
an impinging jet and the associated surface shear stress
that drives particle entrainment. We found that the

entrainment rate does not correlate well with the surface
shear stress computed from the average flow (the first
moment of the velocity field). However, there is very
good correlation between the surface shear stress
computed from the Reynolds stress, which is based on
the turbulent fluctuations in the flow (the second moment
of the velocity field). These results show that published
expressions that quantify the entrainment flux for
uniform flow that acts parallel to the surface can also be
used as a particle flux boundary condition in complicated
flow conditions, such as an impinging jet, provided the
surface shear stress used in these equations be computed
using methods that involve the turbulent fluctuations in
the flow (e.g. the second moments of the velocity field).
This requires that CFD methods accurately resolve the
second moments in the velocity field in complicated
fluid flows.
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